has an accepted association with the epithelial malignancy nasopharyngeal carcinoma and has also been reported in other more controversial carcinoma settings. Evaluation of EBV association with epithelial carcinomas such as breast cancer would benefit from a better understanding of the outcome of EBV infection of these cells. Cell-free preparations of a green fluorescent protein-expressing virus, BX1, were used to infect breast cancer cell lines, which were then examined for EBV gene expression and viral genome copy number. Reverse transcription-PCR analyses revealed that the cells supported a mixture of latency II and lytic EBV gene expression. Lytic Zta and BMRF1 protein expression was detected by immunohistochemistry, and DNA PCR analyses estimated an EBV copy number of 300 to 600 genomes per infected cell. Evidence for lytic EBV expression was also found in breast tissue, where reverse transcription-PCR analyses detected lytic Zta transcripts in 7 of 10 breast carcinoma tissues and 4 of 10 normal tissues from the same patients. Scattered cells immunoreactive for Zta protein were also detectable in breast carcinoma. Quantitative real-time PCR analysis of EBV-positive breast carcinoma tissues suggested that less than 0.1% of the cells contained viral genomes. We suggest that sporadic lytic EBV infection may contribute to PCR-based detection of EBV in traditionally nonvirally associated epithelial malignancies.
Epstein-Barr virus (EBV) infects 90% of the population, and primary infection in young adulthood may result in infectious mononucleosis. In the majority of individuals, the virus persists for life in the memory B-cell pool (2) without recognized health consequences. However, EBV is associated with a growing list of malignancies of both lymphoid and epithelial origin, including Burkitt's lymphoma, posttransplant lymphoproliferative disease, B-cell lymphoma in the immunocompromised, Hodgkin's lymphoma, NK/T-cell lymphoma, nasopharyngeal carcinoma, leiomyosarcoma in AIDS patients, and a subset of gastric carcinomas (13, 43, 48) . In addition, there have been reports linking EBV to carcinomas in sites such as the breast (4, 16, 30, 33) , lung, and prostate (7, 24, 53) .
In different studies with DNA PCR, 19 of 21 (30) and 15 of 28 (33) breast cancer samples from Britain were found to be EBV positive, as were 51 of 100 breast carcinoma samples from France (4), 161 of 509 cases from Europe and North Africa (16) , and 19 of 92 samples from the United Kingdom (39) . While EBV DNA has been found in breast cancer with some frequency, this has not correlated with an equivalent detection of viral gene expression or viral proteins. In situ hybridization probing for the highly abundant and stable small RNA genes (EBERs) has been negative (10, 15, 20) or has detected only focal expression (11) .
Immunohistochemical analyses to detect EBV latency proteins have also been largely negative (11, 15) . Positive staining for EBNA1 has been reported in some studies (4, 24) , but the specificity of the EBNA1 reagents in clinical material has been questioned (6) and the EBNA1 2B4-1 antibody has recently been shown to cross-react with a nonviral tumor antigen (39) . Thus, a question remains regarding the basis for the positive detection of EBV DNA in the face of negative data for EBV latency gene products.
To address this issue, we evaluated the outcome of EBV infection of breast carcinoma cell lines with an in vitro infection model. We demonstrate that these cells can support progression into the viral lytic cycle and suggest that sporadic lytic infection of epithelial cells by EBV may contribute to the detection of EBV DNA in clinical studies reliant on DNA PCR technology.
MATERIALS AND METHODS

Cell lines and EBV infection.
Breast epithelial tumor cell lines were obtained from the American Type Culture Collection and cultivated in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The green fluorescent protein (GFP)-positive Akata cell line BX1 (38) , Raji, and Namalwa were maintained in RPMI 1640 supplemented with 10% fetal bovine serum. BX1 cells were treated with anti-immunoglobulin G (IgG) at a concentration of 50 g/ml for 5 days to induce virus production. The supernatant was collected, passed through a 0.45-m filter, and centrifuged at 15,000 rpm at 4°C for 1 h. The concentrated cell-free virus was then added to the breast epithelial cell cultures, and cells were collected for analysis 48 h later. To select a BX1-converted MDA-MB468 cell line, G418 was added to the culture medium at a concentration of 400 g/ml 48 h after infection. The medium was changed every 7 days until G418-resistant clones emerged (3 to 5 weeks).
Tissue samples. Snap-frozen late-stage invasive breast carcinoma, normal breast tissues from the same patients, and fixed paraffin-embedded specimens were obtained from the Department of Pathology at Johns Hopkins Hospital and kept at Ϫ70°C until analysis.
RT-PCR for EBV transcripts. The sequence of the reverse transcription (RT)-PCR primers used are listed in Table 1 . mRNA was extracted from virus-infected breast epithelial cell lines and frozen tissues with a GeneElute Direct mRNA miniprep kit (Sigma, St. Louis, Mo.). cDNA was synthesized with random hexamers and avian myeloblastosis virus reverse transcriptase (Promega, Madison, Wis.). Both primary and secondary PCRs involved an initial denaturation at 95°C for 5 min, followed by 40 cycles consisting of 95°C for 30 s, optimal annealing temperature for 1 min, 72°C for 1 min, and a final extension at 72°C for 10 min. The RT-PCR products were electrophoresed on a 1.2% agarose gel and visualized by ethidium bromide staining.
Real-time PCR for EBV copy number. Genomic DNA from infected MDA-MB468 cells, breast carcinoma, and normal breast tissues was extracted by digesting with proteinase K at 50°C overnight, followed by phenol-chloroform extraction and ethanol precipitation. PCRs were set up in a volume of 50 l with a TaqMan PCR core reagent kit (Perkin-Elmer Corp., Branchburg, N.J.). Fluorescent probes were custom synthesized by Perkin-Elmer Applied Biosystems. PCR primers were synthesized by Gibco BRL (Frederick, Md.). Each reaction contained 5 l of 10ϫ buffer A (4 mM MgC1 2 ), amplification primers (300 nM), fluorescent probe (25 nM), dATP, dCTP, and dGTP (200 M each), dUTP (400 uM), 1.25 U of AmpliTaq Gold, and 0.5 U of AmpErase uracil N-glycosylase. Extracted genomic DNA was used for amplification. DNA amplifications were carried out in a 96-well reaction plate in a Perkin-Elmer Applied Biosystems 7700 sequence detector. Each sample was analyzed in duplicate, and multiple negative water blanks were included in each analysis. A calibration curve was run in parallel and in duplicate with each analysis, with DNA extracted from the EBV-positive cell line Namalwa as a standard.
Immunohistochemistry and immunofluorescence. For immunohistochemistry, infected breast epithelial cells were fixed with ice-cold methanol for 5 min. Paraffin-embedded sections were deparaffinized and pretreated with 1 mM citric acid buffer (pH 6.0) for 20 min in a microwave oven. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide. After three washes with phosphate-buffered saline, slides were incubated in 10% normal goat serum for . Anti-LMP-1 monoclonal antibody was obtained from the culture supernatant of the S12 hybridoma cell line (34) . For immunofluorescent analysis, MDA-MB468-BX1 cells were fixed in 2% paraformaldehyde and permeabilized with 0.1% Triton X-100. Zta was visualized with mouse monoclonal anti-Zta antibody and rhodamine-conjugated secondary antibody.
RESULTS
In vitro infection of breast cancer cell lines.
To better understand the outcome of EBV infection of breast cancer cells, an in vitro infection protocol was established. In vitro infection of epithelial cells by EBV occurs at very low frequency compared to the efficient infection seen with B cells, and it has been reported that cell-cell contact is required for epithelial cell infection (9, 46) . However, a problem with cocultivation is that the donor B cells stick avidly to the epithelial cells, making it difficult to subsequently separate the two cell populations for analysis. We therefore prepared cell-free virus from BX1 cells, an Akata strain carrying the GFP open reading frame integrated within the EBV genome at BXLF1 (38) . BX1 cells were stimulated to enter the lytic cycle by incubation with IgG, and virus in the culture supernatant was prepared by passage of the culture supernatant through a 0.45-m filter and concentration by centrifugation at 15,000 rpm for 1 h. This EBV preparation was able to infect breast carcinoma cell lines, as indicated by the appearance of GFP-positive cells in infected MDA-MB231, MDA-MB435, and MDA-MB468 cultures (Fig. 1) . Approximately 0.5 to 1.0% of the cultured cells were infected, based on GFP expression.
EBV gene expression in infected MDA-MB468 cells. In posttransplant lymphoproliferative disease, as in latently infected lymphoblastoid B-cell lines in culture, the full spectrum of EBV latency genes are expressed; EBNAs 1, 2, 3A, 3B, 3C, and LP, the differentially spliced BARTs (RPMS, RK-BARFO, and A73), the membrane proteins LMP1 and LMP2A, and the polymerase III-transcribed EBERs. This pattern of gene expression has been termed latency III. EBV-associated tumors arising in the immunocompetent host exhibit a more tightly regulated latency, latency I (Burkitt's lymphoma) or latency II (nasopharyngeal carcinoma and Hodgkin's lymphoma), in which viral gene expression is restricted to EBNA1, the BARTs, and the EBERs in latency I or these genes plus the LMPs in latency II (28) .
Nested RT-PCR assays were performed to determine the pattern of EBV gene expression in infected MDA-MB468 cells. The latency-associated BARTs (the primers used detected either BARFO or RPMS splices), Qp-initiated EBNA1 and LMP1 transcripts, and the polymerase III EBER RNAs were detected, but no Wp/Cp-initiated RNAs were found ( Fig.  2A) . This pattern of EBV latency gene expression is typical of latency II. However, transcripts for the BZLF1 open reading frame encoding the lytic transactivator Zta were also detected ( Fig. 2A) , suggesting a mixture of latent and lytic infection. The BZLF1 open reading frame contains two introns (Fig. 2B) , and the sizes of the minor RT-PCR bands are consistent with products missing one or the other of the introns. DNA sequencing confirmed the partially spliced nature of the minor RT-PCR products. These splice variants were also detected in RT-PCR analyses of the BX1 converted MDA-MB468 cell line described below (data not shown) and have been described in analyses of nasopharyngeal carcinoma tumor cells (12) . The expression of lytic cycle gene products after infection of MDA-MB468 cells was further examined by immunohistochemistry and staining with horseradish peroxidase. Expression of both the immediate-early Zta protein (Fig. 3A) and the early BMRF1 (EA-D) protein (Fig. 3B) was detected. We noted that the nuclei of Zta-expressing cells were frequently abnormal in shape. This may relate to a mitotic defect in chromosome condensation that has been described in adenovirus Zta-infected cells (35) .
The low level of infectivity in the MDA-MB468 cultures made it difficult to evaluate the prevalence of lytic gene expression. To address this point, MDA-MB468 cells were infected with BX1 virus, which carries a neomycin resistance gene in addition to GFP, and a BX1-converted MDA-MB468 cell line was established by G418 selection. Immunofluorescence staining revealed that approximately 10% of the MDA-MB468-BX1 cells constitutively expressed Zta protein (Fig. 3C  and D) . Double staining of MDA-MB468 converted cells for LMP1 and Zta expression was also performed with rhodamine (red)-and indocarbocyanine (orange)-conjugated secondary antibodies. (Expression of GFP from the endogenous EBV genomes complicated the use of fluorescein isothiocyanate as an alternative fluorophor.) Greater than 90% of the cells were LMP1 expressing, in contrast to approximately 10% Zta-positive cells (Fig. 3E and F) .
EBV genome copy number in infected MDA-MB468 cells. The detection of Zta transcripts and protein in newly infected MDA-MB468 cells indicated that a proportion of the cells were entering the lytic cycle. To investigate whether the lytic cycle was progressing to the stage of viral DNA replication, real-time quantitative PCR was carried out to determine the EBV copy number in the infected MDA-MB468 cells. The PCR primers used amplified a region of the EBV BamHI-W fragment, and a calibration curve was run in parallel with each analysis, with DNA extracted from the EBV-positive Namalwa B-cell line. Namalwa carries two integrated copies of the EBV genome per cell (31) .
The EBV genome copy number in MDA-MB468 cells 2 days postinfection with BX1 virus was compared with that in EBVnegative Akata B cells 2 days postinfection with BX1 virus (Fig. 4A) . In a second analysis, the EBV copy number in (Fig. 5) . The frequency of detection of positive RT-PCR for Zta in the normal tissues may be influenced by the fact that these tissues were from the same patients as the tumor samples. Multiple ethidium bromide-stained bands were observed in the Ztaprimed RT-PCR amplifications of most of the PCR-positive tumor samples. Individual amplified bands were isolated, cloned, and sequenced to confirm their identity. The major band in the majority of the samples (solid arrow) represented a fully spliced Zta cDNA. The smaller minor band, which was particularly abundant in tumor sample T1, represented a cDNA lacking Zta exon 2, and the larger band, which was also abundant in T1, represented a cDNA in which the first intron was retained.
To evaluate the relative EBV genome load in the positive breast carcinoma tissues versus the positive normal breast tissues, quantitative PCR was performed on the five tumor samples (T1, T4, T5, T6, and T7) and three normal samples (N2, N4, and N5) that gave the strongest positive RT-PCR signals (Fig. 6 ). No significant difference was found between the two groups, with the breast carcinoma tissues (Fig. 6A) calculated to contain 1,187 Ϯ 673 EBV genomes per 10 6 cells and the normal tissues (Fig. 6B) genome per cell, then the data would indicate that less than 0.1% of the cells in either the normal or the breast cell carcinoma tissues were EBV positive.
In an attempt to determine whether there was evidence for EBV lytic protein expression in breast tissues, immunohistochemistry for Zta was performed on formalin-fixed, paraffinembedded breast tissue samples. Occasional Zta-positive cells were observed within the breast carcinoma tissues (Fig. 7A and  B) . We were unable to visualize Zta protein expression in normal breast samples (data not shown).
DISCUSSION
EBV has a recognized association with epithelial cancers. Nasopharyngeal carcinoma is 100% EBV positive (43) , and gastric carcinomas are 10% positive worldwide, with up to 18% positivity in some regions (48) . A number of rarer carcinomas, such as lymphoepithelioma-like carcinomas of the salivary gland, lung, and thymus, are also EBV associated (21) . The presence of EBV DNA in breast cancer was first reported in 1995 by Labrecque et al. (30) . This report has been followed by additional positive findings plus a large number of papers reporting a lack of association (6, 15, 20, 37) . The positive findings of EBV association in breast cancer were based on detection of EBV DNA by PCR amplification, while the negative data came predominantly from studies examining EBV gene expression.
EBV is a ubiquitous virus that establishes a life-long infection in its host. In such a setting, the detection of EBV DNA by sensitive PCR technology in nonlymphoid cancers that have not traditionally been considered virally associated is difficult to evaluate (52) . EBV has been detected in cells shed into human breast milk (27) , and in an animal model system, murine gammaherpesvirus 72 has been found to replicate in mammary gland epithelial cells and to be shed into breast milk (42) . One interpretation of the positive PCR data in breast cancer has been that the signal arises from infiltrating EBV-positive lymphocytes. We wish to offer an alternative explanation, that lytic infection of a very small number of breast epithelial cells could produce a disproportionately strong DNA PCR signal.
EBV infection of B cells leads to the establishment of a latent infection, with lytic viral gene expression occurring spontaneously only within particular type III latency cell lines and only in a small percentage of the cell population. However, other cell types have been found to provide a more permissive environment. In the case of hairy leukoplakia, a lesion associated with the differentiated layers of the tongue epithelium, there is aggressive EBV lytic replication with extensive virion production along with concurrent expression of EBV latency genes (22, 50, 51) . In vitro infection of both nonepithelial cells, for example, primary monocytes and explanted tissue from leiomyosarcoma (26, 40, 45) , as well as epithelial cells derived from gastric carcinoma and nasopharyngeal carcinoma (29, 55, 56) , has also resulted in cultures in which both latency gene expression and lytic BZLF1 gene expression have been detected.
Our observations with in vitro-infected breast carcinoma cells suggest that these cells are similarly expressing a mixture of latency II and lytic EBV genes. Both BZLF1 transcripts and Zta protein expression were detected, and 10% of the EBVconverted MDA-MB468-BX1 cells exhibited spontaneous Zta expression in immunofluorescence assays. Furthermore, the assessment of viral genome copy number per infected cell measured in primary infections gave a number (300 to 600) that is consistent with the viral lytic cycle progressing at least as far as productive viral DNA replication.
Zta transcripts were detected by RT-PCR in breast carcinoma tissues and rare examples of Zta-positive cells were also observed by immunohistochemistry. While occasional Zta-positive cells were observed in immunohistochemical analyses of breast cancer tissues, we were unable to detect positive cells in the normal breast tissue samples from the same patients even although the quantitative PCR data indicated that comparable numbers of viral genomes were present in PCR-positive normal and breast cancer samples. This apparent difference in the ability to detect Zta may derive in part from an increased resistance to cell death in the cancer cells.
EBV infection of B cells utilizes CR2 (CD21) as the receptor and HLA class II as a coreceptor (17, 25, 32, 41) . Engagement of CD21 by gp350/220 on the incoming virus is believed to stimulate signaling that provides an initial environment favorable to establishment of viral infection. Activation of CR2 either by binding of gp350/220 or through cross-linking has been found to stimulate interleukin-6 expression (14, 49) and phosphatidylinositol-3 kinase activity (3), both of which are associated with cell survival and proliferative signaling. Epithelial cells do not express CR2, and infection is mediated by the viral glycoprotein gH (38) . For epithelial cells, where the Bcell-like prosurvival signals are not initiated during receptor binding, cell death may be more aggressive. Constitutive expression of prosurvival genes such as STAT3 and STAT5a/b, which are commonly activated in breast cancer cells and cell lines (5, 18) , could provide additional protection that enhances immunohistochemical detection of lytically infected cells.
The presence of cells supporting the EBV lytic cycle in these tissues has implications for assays based on EBV DNA detection. A single lytically infected cell containing 600 copies of the EBV genome would give a DNA PCR signal indistinguishable from that arising from 600 cells each containing a single copy of the genome. Real-time PCR analysis of EBV-positive breast carcinoma samples indicated that less than 0.1% of the cells in the biopsy samples were positive at the 1 EBV genome copy per cell level. Taking into account the information on Zta positivity and hence the likelihood that some of the cells were undergoing lytic EBV DNA replication, the percentage of EBV-infected carcinoma cells is likely to be considerably less than 0.1%.
The data suggesting that only a very small proportion of the breast carcinoma cells are EBV infected and the indication of lytic cycle progression may account in part for discrepancies between studies in which PCR analysis was used to evaluate EBV association with breast cancer and those in which immunohistochemistry for latency proteins or EBER in situ hybridization was employed. In the case of the EBERs, these polymerase III RNAs are expressed at a reduced level in cells undergoing lytic viral replication (19, 23) . Although growth stimulation is usually thought of as being a property of EBV latency genes, the EBV lytic cycle Rta protein can induce E2F-1 genes, which are associated with cell cycle progression (47) , and Zta, which normally is associated with a G 1 or G 2 /M cell cycle block (8, 44, 54) , has also been described as stimulating E2F-1 genes in certain cell types (36) . However, the very small number of EBV-infected cells estimated by quantitative RT-PCR to be present in the PCR-positive breast cancer samples makes it unlikely that EBV latent or lytic infection could be contributing directly to tumor growth. Our study focused on EBV infection of breast cancer cells, but the observations are likely to be applicable to other settings in which EBV association with epithelial malignancies is being evaluated.
